Sulcal depth is an important marker of brain anatomy in neuroscience/neurological function. Previously, sulcal depth has been explored at the region-of-interest (ROI) level to increase statistical sensitivity to group differences. In this paper, we present a fully automated method that enables inferences of ROI properties from a sulcal regionfocused perspective consisting of two main components: 1) sulcal depth computation and 2) sulcal curve-based refined ROIs. In conventional statistical analysis, the average sulcal depth measurements are employed in several ROIs of the cortical surface. However, taking the average sulcal depth over the full ROI blurs overall sulcal depth measurements, which may result in reduced sensitivity to detect sulcal depth changes in neurological and psychiatric disorders. To overcome such a blurring effect, we focus on sulcal fundic regions in each ROI by filtering out gyral regions. Consequently, the proposed method is more sensitive to group differences than a traditional ROI approach. In the experiment, we focused on a cortical morphological analysis of sulcal depth reduction in schizophrenia with a comparison to a normal healthy control group. We show that the proposed method is more sensitivity to abnormalities of sulcal depth in schizophrenia, and sulcal depth is significantly smaller in most cortical lobes in schizophrenia compared to healthy controls (p < 0.05).
INTRODUCTION
Cortical gyrification is a dynamic, complicated process that spans the entire life. It is well-known that several cortical regions are significantly involved with brain development and degeneration or brain diseases. Thus, to analyze cortical gyrification, a fundamental step is to design proper quantification of the cortical folding pattern. Due to a highly convoluted shape nature, however, the actual mechanism of cortical gyrification has been still questionable, which hampers accurate cortical gyrification analyses. Despite a lack of knowledge on the cortical gyrification, a quantification process as approximation of the gyrification can be typically folded into two main steps: 1) how (metric) and 2) where (localization) to measure for each given location of the cortex.
Several quantitative measures have been proposed using either pure geometry or anatomical shape. In pure geometry, local principal curvature-based shape descriptors have been widely employed such as shape index.
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They are useful to represent local cortical folding in terms of shape itself (e.g., shape complexity 2 ) whereas it could be difficult to capture how deep or wide a sulcus/gyrus is since its computation is defined in the tangent plane. On the other hand, the anatomical shape-based quantification such as sulcal depth 3 or local gyrification index 4, 5 has an ability to provide depth/wideness of the cortical folding.
Once a quantitative measure is determined, ROIs need to be specified for a regional analysis. The most common way is to incorporate a cortical parcellation. [6] [7] [8] Several studies have also shown sulcal region-based parcellation such sulcal curve extraction [9] [10] [11] or sulcal curve labeling. 12, 13 In, 5 locally adaptive ROIs are defined along the cortical folding rather than predefined labels on the surface. In any of these ways, the quantitative measures can be evaluated within a particular ROI. Importantly, a regional analysis can vary depending on which ROIs are selected for such an analysis; thus, ROIs need to be carefully chosen according to specific aims.
In this paper, we present a surface-based shape analysis refined by sulcal region-based ROIs to provide more statistical power than conventional ROI-based analysis. In particular, our interest is to identify cortical folding differences between normal healthy control and schizophrenia groups. For this study, we measure sulcal depth as cortical shape quantification and employ sulcal curves 11 to define sulcal regions within ROIs. In this way, we can reveal a sulcal depth difference by filtering out sulcal depth measurements in the gyral regions that could reduce a sensitivity. This framework is similar to, 14 but in addition to our novel ROI definition, we used a different curve extraction method and sulcal depth definition for this study. Figure 1 illustrates an overview of the proposed pipeline.
METHOD

Data Acquisition
A T 1 -weighted MP-RAGE (FoV of 256 mm × 256 mm, 1 mm × 1 mm × 1 mm, TE=2 ms, TR=8.95 ms, and TI=643 ms) acquired on a 3T scanner (Achieva, Philips Medical Sys-tems, Best, The Netherlands) with a 32-channel head coil was collected on 67 subjects: 38 healthy controls and 29 individuals with schizophrenia. T 1 -weighted image was segmented and the while whole cortical surfaces were reconstructed via using the MaCRUISE pipeline.
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For cortical region segmentation, each target image was first registered to the MNI 305 atlas with an affine transformation, and then N4 bias correction was applied. The Advanced Normalization Tools (ANTs) 16 software package was applied to the atlas and target images. Deformation of image and label volumes for the atlas to the target space was performed with bi-cubic and nearest-neighbor interpolation respectively. The registered label volumes were then combined together with non-local spatial STAPLE, 17 and AdaBoost correction was applied. Each voxel in the brain was then assigned to one of the 133 labels (including background) using the BrainCOLOR protocol * . T 1 -weighted image labels were down-sampled using the multi-label interpolation technique in ANTs and the segmented image was brought back to the original target space by computing the ANTs inverse transformation. Finally, we merged multiple labels into 4 full ROIs: prefrontal (PFC), parietal (PAR), occipital (OCC), and temporal (TMP) lobes. 
Sulcal Depth
The sulcal depth computation consists of two main steps: 1) cerebral hull creation of the cortical surface and 2) geodesic distance computation between two surface interfaces.
Theoretical Background
We briefly review wavefront propagation as previously summarized in. 18 Given a medium Ω and its boundary ∂Ω in R 3 , the minimum travel-time from one (or multiple) source ∈ ∂Ω to a point x ∈ Ω in the medium, T (x), follows the propagation equation for some propagation speed function F :
Such a formulation of the wavefront propagation is the so-called Hamilton-Jacobi partial differential equation (H-J PDE). A special case of the H-J PDE is as known as the eikonal equation that solves the wavefront propagation with a constant speed function α(x) along every direction. Therefore, the speed function F becomes
For M = I, this simplifies the H-J PDE (1) to
The solution provides a travel-time map T (or geodesic distance) from ∂Ω within Ω.
Cerebral Hull
For the cerebral hull creation, we used the same approach described in. 5 Given a cortical surface M , we create its cerebral hull that tightly envelops M by closing sulci. As proposed in, 19 we first voxelize M to make a binary mask in the volumetric space, and then a 3D morphological closing operation is applied on M to close sulci. Since the left and right hemispheres are located quite close together, we consider them independently here to avoid overlapping their voxelized contours. This can be done by finding the largest connected component and cutting the mask along the sagittal plane that intersects the center of the mask. Once we have two separated hemispheres, we create an cerebral hull of each. We empirically use the structural element of the morphological operation as a sphere of 25 mm diameter. Although the diameter is larger than that of, 19 we found that this diameter is sufficient enough to cover any sulci. This results in an cerebral hull H in the volumetric space. 
Geodesic Distance
We compute geodesic distance from H to M . This can be achieved by solving a special eikonal equation with a constant speed Eq. (3). We again voxelize M and H to define a medium between them for the wavefront propagation. Let M out and H in be the exterior voxels of ∂M and the interior voxels of ∂H. The medium is then given by
By setting T (∂H) = 0 as sources of the wavefront propagation, sulcal depth is therefore measured at T (∂M ) after the propagation. We use the ordered upwind method having O(N logN ) complexity akin to Dijkstra's shortest path finding, where N is the number of discrete points over Ω.
18 Figure 3 shows an overall procedure of the sulcal depth computation for an example slice.
Sulcal Fundic Region Segmentation
We use the curve extraction method proposed by.
11 Briefly, the idea of the curve extraction as follows. Given a triangulated mesh M with a set of vertices V , the objective is to find a subset U ⊆ V that consists of sulcal points located at the sulcal fundic region so as to represent sulcal curves. A set of candidate points are initially selected by a simple threshold of the maximal negative principal curvature. At each candidate point v ∈ V , the closed loop that contains v with the maximal negative curvature is obtained by finding the intersection between M and the principal plane. A candidate point is added to U if it is preserved after line simplification. Sulcal curves are then delineated along the selected points ∈ U , regularized by a curve smoothing term. The final curves are of a piece-wise point set constrained by curvature smoothness. These extracted curves give spatial information of the sulcal fundic regions. Note that the sulcal fundic regions cover only 2.49% of the entire cortical surface.
RESULTS
For each ROI, we measured the average sulcal depth in the entire region and along the sulcal curves. In Fig. 4 , a percentile statistics of the sulcal depth is shown for both normal healthy control and schizophrenia groups. As expected, the sulcal depth is measured deeper in the sulcal fundic ROIs than in the full ROIs since the sulcal depth is only measured along the extracted sulcal curves. We applied a two-sample t-test to find sulcal depth difference between normal healthy control and schizophrenia groups. We then corrected p-values for multicomparisons using a standard false-positive discovery rate (FDR). 20 Overall, in both full ROIs-and sulcal fundic ROIs-based analyses, the schizophrenia group has shallower sulcal depth as summarized in Table 1 . In particular, we found that statistically significant difference in the parietal, occipital, and temporal lobes between the two groups while controlling FDR at 0.1 (the threshold is chosen according to 21 ). It is noteworthy that the temporal and right parietal lobes were not detectable with statistical significance in full ROIs. Also, these revealed regions are agreed with several existing studies that found statistically significant difference in those regions. [22] [23] [24] As discussed in, 22, 25 one of the possible reasons for the sulcal depth difference could be due to the morphological degeneration of the schizophrenia group during loss of gray matter volume.
CONCLUSION
We presented a surface-based analysis refined by sulcal region-based ROIs with cortical folding degeneration in schizophrenia. Rather than focusing on full ROIs, we refined those ROIs into sulcal fundic regions along automatically extracted sulcal curves by filtering out other cortical regions. In the experiment, we observed that the average sulcal depth of the schizophrenia group is shallower than in the normal healthy control group over all the ROIs. Moreover, the proposed analysis revealed statically significant difference in the parietal, occipital, and temporal lobes between the healthy normal and schizophrenia groups, which is not fully captured by a conventional analysis that uses full ROIs. Since this work only considers sulcal depth for a group difference analysis, interacting with several fixed effects like demographic information or any other morphometry (e.g., cortical thickness) would make a future analysis more powerful. It could be also interesting to extend this idea to the labeled major sulcal curves and to perform a sulcal region-based analysis. Table 1 . Statistics of sulcal depth difference between normal healthy control and schizophrenia groups. p-values are corrected after multiple-comparison corrections using FDR at 0.1. A statistically significant difference is revealed in the parietal, occipital, and temporal lobes after the correction.
